Before fertilization, mammalian oocyte undergoes an asymmetric division which depends on eccentric positioning of the spindle at the oocyte cortex to form a polar body and an egg. Since the centriole is absent and, as a result, the polar array microtubules are not fully developed in oocytes, microtubules have seldom been considered as required for eccentric positioning of the spindle, while actin-related forces have instead been proposed to be primarily responsible for this process. However, the existing models are largely conflicting and the underlying mechanism of asymmetric division is still elusive. Here we show that poly(ADP-ribose) (PAR) is enriched at mouse oocyte cortical area throughout meiosis. Specific removal of cortical PAR results in an ectopic spindle and a failure of asymmetric division. During spindle migration, when the spindle deviates from the center of oocyte by a pushing force of cytoplasmic actin, the short polar array microtubules emanating from the juxtacortical spindle pole extend to the cortex and penetrate into cortical PAR, docking and stabilizing the spindle at the cortex which facilitates the asymmetric division. This process depends on the affinity between PAR and microtubule-associated proteins such as Spindly, which contributes to a physical link for cortical PAR and the spindle. Notably, fusing a PAR-binding domain to end-binding protein 3, a plus-end tracking protein at the polar array microtubules, restores the asymmetric division of oocytes with Spindly knockdown. Thus, our work demonstrates a comprehensive mechanism for oocyte spindle positioning and asymmetric division.
INTRODUCTION
For the early embryonic development, an oocyte retains most maternal stores during meiosis by extruding a small polar body before fertilization. 1, 2 This asymmetric division depends on the migration of microtubule spindle to the oocyte cortex. [3] [4] [5] In mammals, oocytes in ovarian follicles are arrested at the diplotene stage of the first meiotic prophase, namely the germinal vesicle (GV) stage, until stimulated by the pituitary hormone surge. 6, 7 When the meiotic process restarts, GV breakdown (GVBD) occurs accompanied by the spindle assembly. 8, 9 The spindle starts the assembly process at the pericenter of oocyte, followed by the capture of the condensed chromosomes. At the end of the metaphase of the first meiosis (MI), the spindle carrying the chromosomes migrates to the cortex so that the oocyte can achieve asymmetric division. During the second meiosis, the spindle inherits the position from the first meiosis and maintains the asymmetric feature. 10, 11 Errors in spindle positioning result in failure of asymmetric division and abnormalities in embryonic development. Thus, spindle positioning must be properly regulated in oocytes.
Over the past years, it is generally thought that the main force for spindle eccentric positioning in mammalian oocytes does not seem to rely on spindle microtubules per se due to the absence of the centriole and the resulting non-developed polar array microtubules (similar to astral microtubules in mitotic cells). 12, 13 Unlike the well-developed astral microtubules and the small cell volume of mitotic cell, the short polar array microtubules emanating from spindle poles in oocyte cannot reach to the cortex. 14 Instead, most previous studies have focused on actin and indicated that actin regulates spindle movement in oocyte meiosis. 4, 5, [15] [16] [17] However, these studies lead to conflicting models and a unified theory has not been established. For example, some studies suggested that a cytoplasmic force formed by cytoplasmic actin around the spindle pushes the spindle toward the cortex, 15, 18 while other work indicated that a short-haul actin force between the cortex and spindle pole pulls the spindle apparatus to the cortex, as evidenced by a dense actin signal connecting the spindle pole and the cortex. 5 Nevertheless, few studies considered the potential participation of spindle microtubules per se. Furthermore, the molecular mechanism responsible for clinching and stabilizing the spindle beneath the cortex remains unclear.
In this study, we find that poly(ADP-ribose) (PAR), a polymer of ADP-ribose, is significantly enriched at mouse oocyte cortex. This is very different from somatic cells where PAR is almost, if not all, restricted to the nucleus. 19 PAR, a polymer identified over half a century ago, is synthesized by the PAR polymerases (PARPs) using NAD as a substrate. 20, 21 For decades, PAR is believed to function primarily upon cellular stress such as DNA damage. 19, 22, 23 Here, we investigate the role of PAR in mouse oocyte meiosis. Specific removal of cortical PAR by "spindle exchanging" or targeting the catalytic domain of PAR glycohydrolase (Parg), a hydrolase that specifically degrades PAR 24, 25 at oocyte cortex leads to a failure of asymmetric division. During its migration, the spindle can easily deviate from the center of the oocyte by a pushing force of cytoplasmic actin. When one pole of the spindle approaches oocyte cortex, short polar array microtubules emanating from this pole therefore catch cortical PAR, docking and stabilizing the spindle at the cortex which facilitates the asymmetric division of the oocyte. This process depends on a high affinity between PAR and microtubule-associated proteins such as Spindly, which contributes to a physical link for cortical PAR and the spindle. In oocytes with Spindly knocked down, fusing a PAR-binding domain to end-binding protein 3 (EB3), a plus-end hub at the polar array microtubules rescues the abnormally positioned spindle and the failure of asymmetric division. Thus, our work uncovers an undefined role of PAR and provides a comprehensive model for oocyte asymmetric division.
RESULTS

PAR is enriched in oocyte cortex during meiosis
To study the function of PAR in mouse oocyte asymmetric division, we examined PAR content during meiosis. Oocytes at different stages were harvested followed by dot blots of PAR, a method for detecting PAR that is highly branched and negatively charged. 23, 26 To confirm the specificity of the antibody of PAR, two negative control groups were included. In one group, the PAR antibody was replaced with immunoglobulin G (IgG). In the other group, the cell lysate was treated by the purified catalytic domain of Parg (PargC), a glycohydrolase that specifically hydrolyzes PAR. 24, 25 As shown in Fig. 1a , PAR was present in all stages of meiosis including GV, GVBD, prometaphase (pro-MI), MI, and metaphase of the second meiosis (MII) stages. We further examined the subcellular localization of PAR in oocytes. PAR existed in the nucleus in GV oocytes and associated with the spindle after GVBD ( Fig. 1c-g; Fig. 1b showed the negative control in which IgG was used instead of PAR antibody). These observations are consistent with previous reports in somatic cells and frog egg extract. 27, 28 Of note, PAR was intensely localized at the cortical area of the oocytes throughout the whole-meiotic maturation (Fig. 1c-g ). To exclude the possibility of non-specific staining of the cortex, the sticky zona pellucida was removed from the oocyte before performing the immunofluorescence assay. We found that PAR was still present in the cortical area without zona pellucida (Fig. 1h) . Moreover, another anti-PAR antibody purchased from a different manufacturer was used to repeat these experiments and PAR could still be observed in the cortex (Supplementary information, Figure S1A ). Next we asked whether the cortical localization of PAR is a general phenotype for other cell types. Several somatic cell lines including 293T, NIH-3T3, primary mouse embryonic fibroblasts, MRC5 (human fetal lung fibroblasts), and MCF10A, a non-tumorigenic epithelial cell line derived from human breast, were subjected to immunofluorescent staining with PAR antibody. MCF10A cells treated by H 2 O 2 , a DNA-damaging agent, 29 were used as a positive control for PAR staining. Interestingly, little PAR staining could be found at the cortex of those cells (Supplementary information, Figure S1B ), indicating that the cortical localization of PAR is unique to the mammalian oocytes compared to somatic cells, at least in the above-tested cells. The enrichment of PAR at the cortex likely suggests a unique function of PAR in the female germ cell.
Cortical PAR is required for spindle positioning to oocyte cortex To gain insight into the role of cortical PAR, we inhibited the synthesis of PAR by knocking down mouse Parp family (Parp1 to Parp16) using a pool of Parp RNA interference (RNAi). The mRNA levels of all Parps were significantly reduced, as examined by quantitative PCR (Supplementary information, Figure S2A ). Dot blot of PAR from lysed oocytes confirmed the effective depletion of the polymer (Fig. 2a) . Upon Parp RNAi, the most significant phenotype was the intensely impaired spindle (Supplementary information, Figure S2B and C). This is not surprising given that PAR was localized at spindle and was required for spindle structure maintenance in Xenopus egg extract and somatic cells. 27, 28 To distinguish the differential roles of PAR at the spindle Fig. 1 PAR is enriched at cortex during mouse oocyte meiosis. a The content of PAR in different stages of oocyte meiosis. A total of 300 oocytes at each stage were harvested and lysed. The lysate was split for dot blot of PAR and western blot of β-actin, respectively. In dot blot, the lysate was dropped on nitrocellulose membrane followed by the immunoblot with PAR antibody. β-Actin was used as the loading control. Two negative controls were included, that is, IgG (lane 1), and MI oocyte lysate incubated with the purified Parg catalytic domain (PargC) in which PAR was mostly hydrolyzed (lane 2). b-g Subcellular localization of PAR during oocyte meiosis. Oocytes at each meiotic stage were harvested for immunofluorescent staining of PAR, microtubules, and DNA. Replacing of PAR antibody with IgG was used as a negative control. h Immunofluorescence of oocyte without zona pellucida. Scale bar, 20 μm versus the cortex, we established a "spindle exchange" assay in which PAR at the spindle is maintained while the cortical PAR is specifically removed. One oocyte (oocyte I) was treated with Parp small interfering RNA (siRNA). During pro-MI, the impaired spindle in oocyte I was taken out by micromanipulation. Meanwhile, a normal spindle was taken from a non-treated oocyte (oocyte II) and placed in the spindle-free oocyte (oocyte I) to create a hybrid oocyte (oocyte Ex) (Fig. 2b) . Spindle exchange between two nontreated oocytes was used as a control (oocyte ExC). Figure 2c shows the spindle that was taken out of the oocyte and the spindle-free oocyte after micromanipulation. ExC oocytes retained PAR at both cortex and spindle, whereas Ex oocytes only lacked the cortical PAR (Fig. 2d) . In both ExC and Ex oocytes, spindles showed normal morphology and chromosome alignment (Supplementary information, Figure S2D and E). Additionally, the normal-functioning spindle was confirmed by testing the spindle assembly checkpoint, which should be activated before MI and turned off after MI. In these ExC and Ex oocytes, normal mode of activation and inactivation was observed (Supplementary information, Figure S2F and G). These data indicate that neither spindle structure nor its function was impaired by the micromanipulation. Of note, most of the Ex oocytes that lost the cortical PAR showed ectopic spindles before MII. The representative phenotype was that the spindle was not able to be positioned vertical to the cortical membrane at the end of MI. Due to the incorrect spindle positioning, Ex oocytes underwent abnormal division during their "MII time", displaying the failure of polar body exclusion or a distorted polar body (Fig. 2e) . The percentages of oocytes with correctly positioned spindle and the rates of normal MII in each group were summarized in Fig. 2f . These data suggest that the cortical PAR in the oocyte might mediate the spindle movement for asymmetric division during oocyte meiosis. To further test this possibility, we expressed Parg to remove the cortical PAR. In oocytes, Parg is associated with the spindle after GVBD (Supplementary information, Figure S2H ). To guide Parg specifically to the cortex for PAR degradation, a membranetargeting peptide Ezrin 30, 31 was fused with the PargC and an EGFP tag (referred to as cortical-PargC). Purified PargC could efficiently degrade PAR in vitro (Fig. 2g) . We then expressed the corticalPargC in oocytes. As shown in Fig. 2h , cortical-PargC was specifically localized at the oocyte cortex, resulting in the degradation of cortical PAR, whereas PAR on the spindle was not affected. Most of the oocytes expressing cortical-PargC showed abnormal asymmetric division with ectopic spindles before MII, and the normal MII rate was significantly lower than that in control oocytes (Fig. 2i) . Taken together, these results indicate that the cortical PAR is required for the correctly eccentric localization of the spindle to ensure the asymmetric division of oocytes.
Polar array microtubules contribute to the physical contact between the spindle and the cortex Since cortical PAR is required for the eccentric spindle positioning, we hypothesized that certain kind of microtubules emanating from the spindle could contact the cortical PAR during this process. Spindle microtubules consist of kinetochore microtubules (kMTs) and non-kMTs. Different from mitotic spindle microtubules, which contain comparable amounts of kMTs and non-kMTs, the meiotic spindle microtubules comprise around 95% non-kMTs, 32, 33 which leaves numerous free plus ends in the oocyte. Of note, polar array microtubules (a kind of non-kMTs) were clearly found around the spindle in the oocyte even though the length of the fibers was short (Fig. 3a) . Further, we stained for EB3, the hub for microtubule plus-end tracking proteins (+TIPs), 34 to show the fibers more clearly (Fig. 3b) . Before the spindle migrated to the cortex, the polar array microtubules formed outstretched fibers around the spindle poles (Fig. 3c, top) . As the spindle approached the cortex, these polar array microtubules contacted with the cortex and seemed to anchor into the cortex (Fig. 3c, bottom) . By co-staining for EB3 and PAR, clear array and plus ends of the microtubules were observed to extend to the cortex (Fig. 3d, top) . When the spindle approached the cortex, the microtubule plus ends penetrated into the matrix of the cortical PAR (Fig. 3d, bottom) . Interestingly, EB3 displayed an unequal distribution between the two poles when the spindle was approaching the cortex, that is, heavier EB3 was loaded onto the juxtacortical pole (Fig. 3e) . To exhibit more detailed information, we built three-dimensional models using the Imaris program. In the modeled oocyte labeled by Hoechst, EB3, and UtrCH-GFP (a probe that specifically binds to F-actin 35 ) clear polar array microtubules led by EB3-labeled plus ends embedded in the cortex and the plasma membrane. Consistent with the staining results, the total EB3 showed an asymmetric distribution in which juxtacortical spindle pole had a heavier load (Fig. 3f ). In addition, larger aggregations of EB3, which tend to represent the plus-end-localized EB3, were found localized at the juxtacortical pole of the spindle (Fig. 3g) . When the spindle reached the cortex, a large number of plus-ended microtubules completely inserted into the cortex, stabilizing the spindle at the cortical area (Fig. 3h ). These findings indicate that polar array microtubules contribute to the physical contact between the spindle and the cortex during oocyte meiosis.
The spindle is stabilized at the cortex during MII before fertilization. Upon fertilization, oocytes complete asymmetric division of meiosis and transit to symmetric division of mitosis. We therefore observed the cellular distribution of PAR in fertilized oocytes. Notably, the cortical PAR of the zygote showed a partial loss that occurred especially at the area above the position of the previous MII spindle (Supplementary information, Figure S3A , dashed line boxed), where PAR was intensely present before fertilization (Fig. 1g) . Further, the thickness of cortical PAR (both the non-extended thickness "a" and the extended thickness "b") became thinner than that of meiotic oocytes (Supplementary information, Figure S3B ). More importantly, when the fertilized egg formed the spindle for the first mitosis, PAR was not always (with a random rate) present on both of the cortical areas vertical to the spindle long axis (Supplementary information, Figure S3C ), implying that cortical PAR becomes unnecessary for spindle positioning after fertilization. As centriole is still absent in the fertilized oocyte, 8, 36 resulting in short polar microtubules which are similar to that in the meiotic oocyte, we were curious about how the short polar microtubules from both poles of the spindle could reach the cortex to fulfill the symmetric division. Interestingly, the fertilized oocyte assembled a spindle significantly longer than that in the meiotic oocyte (Supplementary information, Figure S3D ). This finding is consistent with earlier observations Fig. 2 The role of cortical PAR during oocyte asymmetric division. a The content of PAR in control and Parps knockdown oocytes. A total of 300 oocytes with or without the knockdown of Parps family were lysed. The lysate was split for dot blot of PAR and western blot of β-actin, respectively. In dot blot, the lysate was dropped on nitrocellulose membrane followed by the immunoblot with PAR antibody. β-Actin was used as the loading control. b Schematic of spindle exchange by micromanipulation. The impaired spindle in oocyte I pre-treated by Parps knockdown was removed. Meanwhile, a spindle taken out from a normal oocyte (oocyte II) was put into the spindle-free oocyte I, to generate oocyte Ex. Oocyte with spindle exchanged with another normal oocyte was used as a control (referred to as ExC oocyte). c The taken out spindle and the spindle-free oocyte stained with Hoechst and α-tubulin antibody. d Spindle-exchanged oocytes stained with PAR and α-tubulin antibodies. e Spindle positioning in spindle-exchanged oocytes. Ex oocytes show incorrectly positioned spindles during MI, and failure of polar body exclusion or distorted polar body during their "MII time". Dotted outline denotes the plasma membrane of the oocyte. f Percentage of correct spindle positioning and the rate of normal MII. "Cont" indicates normally cultured oocytes without spindle exchange. Each group of one repeat contains at least 50 oocytes. g Degradation efficiency of PAR by PargC. PAR was incubated with or without in vitro purified PargC. The content of PAR from the reaction solution was tested by dot blot with anti-PAR antibody. h Localization of cortical-PargC (GFP-Ezrin+PargC) in oocyte. Cortical-PargC was guided to the cortex, and PAR was present at the spindle but not the cortex. Normally cultured oocytes were used as a positive control. i Percentage of correct spindle positioning and the rate of normal MII in control and corticalPargC-expressed oocytes. Each group of one repeat contains at least 100 oocytes. Statistical data were summarized from three independent repeats. The error bars represent the standard deviation. Scale bar, 20 μm that fertilized oocytes possess longer spindles. 37 Due to the elongated spindle, polar array microtubules from both spindle poles can reach and contact with the cortex and the membrane (Supplementary information, Figure S3E ). However, the interlaced colocalization between PAR and microtubule ends at the cortex was not found in fertilized eggs (Supplementary information, Figure S3E ), which was much different from that in meiotic oocytes (Fig. 3c) . It is intriguing but reasonable since in this way, the fertilized oocyte can remedy the flaw of centriole absence inherited from the previous meiosis and achieve the symmetric division during its first mitosis. Besides the long spindle, we found that fertilized oocytes contained multiple developed microtubuleorganizing centers (MTOCs) forming over the spherical cortex as shown by microscopic scan of the Z-stack (Supplementary information, Figure S3F ). The extended microtubules from the MTOCs may provide more physical links for the spindle that further stabilizes the spindle at the center of the egg during the first mitosis. When spindle migrates to the cortex, microtubules extend to cortical PAR and the plus ends interlace with PAR. "Cx" and "Sp" denote the side of cortex and spindle, respectively. e Immunostaining of EB3 and α-tubulin shows an asymmetric distribution of EB3 between the two spindle poles. The juxtacortical pole has heavier EB3 indicated by arrowhead. "Cx" and "Cp" denote the side of cortex and cytoplasm, respectively. f 3D display by Imaris program shows asymmetric distribution of EB3-marked microtubules and plus ends. Top view of whole-oocyte and perspective of cortical part are shown, respectively. g 3D display of different sized aggregators of EB3 surrounding the spindle. The larger volume of EB3 aggregators tend to be localized around the juxtacortical pole of the spindle. h 3D display of the spindle when it reaches at cortex. A large number of polar array microtubules headed by the plus ends (marked by EB3) penetrate into the cortex. Scale bar of immunofluorescent staining, 20 μm. Scale bar of 3D models, 10 μm Microtubule-associated proteins link the spindle to cortical PAR Since polar array microtubules contribute to the physical contact between the spindle and the cortex, and the cortical PAR is required for the correct positioning of the spindle, we hypothesized that microtubules may bind to the cortical PAR to facilitate the spindle migration/docking and the oocyte asymmetric division. Mouse MI oocytes were harvested and lysed followed by immunoprecipitation with α-tubulin antibody. The immunoprecipitate was blotted by PAR antibody. As shown in Fig. 4a , microtubules and PAR associated in the cell lysate. Next, we tested whether microtubules and PAR bind with each other directly. Purified tubulins and PAR were incubated with α, β-tubulin antibodies and protein G sepharose in tubulin polymerization reaction buffer. However, tubulins could not immunoprecipitate PAR in vitro (Supplementary information, Figure S4A ). To confirm this result, the direct interaction between tubulin and PAR was further examined by microscale thermophoresis (MST). 38, 39 Due to the inconsistent length among individual PARs and polytropic formations of branches in the polymer, PAR is endowed high level of heterogeneity that is not suitable for the MST assay. 19, 40 Thus, the structural and functional unit of PAR, ADP-ribose, was used. Again, no binding signal between the purified tubulin and ADPribose was detected and the dissociation constant (K d ) was over 500 μM (Supplementary information, Figure S4B ). We thus hypothesized that certain microtubule-associated protein(s) might bind PAR directly, which linked PAR to microtubules. Since only non-kMTs could extend to the cortex, it was very likely that the microtubule-associated protein(s) localized at the microtubule plus ends. On the other hand, each ADP-ribose contains two negatively charged phosphate groups, and thus PAR, the polymer of ADP-ribose, contains substantial amounts of negative charges. Based on these notions, 10 potential candidates were selected (Supplementary information, Figure S4C ) including both the core microtubule-associated proteins which mainly act on the plusend 41, 42 and the microtubule-binding proteins with obvious positive charges. [43] [44] [45] Recombinant proteins or domains were expressed in vitro and the interaction with PAR was screened by dot blot. Three candidates (Spindly, Mcak, and Clip170) bound to PAR (Fig. 4b) . To validate the in vitro data, the cellular interaction between PAR and these proteins was tested by co-immunoprecipitation. As expected, PAR could coimmunoprecipitate Spindly, Mcak, and Clip170 in meiotic oocytes, respectively (Fig. 4c) . To further confirm the direct interaction between the proteins and PAR, the binding affinity and K d were examined by MST in vitro. Notably, Spindly showed an obvious binding curve to ADP-ribose with a K d of 13.04 μM (Fig. 4d) . Mcak and Clip170 also interacted with ADP-ribose with a K d of 46.37 and 52.59 μM, respectively (Supplementary information, Figure S4D and E). As Spindly showed a high affinity to PAR in vitro, we were curious whether it is the same in cell. GFP-Spindly was expressed in HeLa cells followed by lysing. The affinity between the fluorescent Spindly in the lysate and the ADP-ribose was measured by MST. Notably, cellular GFP-Spindly interacted with ADP-ribose, and the K d was 5.79 µM (Fig. 4e) .
To validate the biological effect of PAR on microtubules, we established an assay (here named "microtubule capture assay") in which the direct interaction between PAR and dynamic microtubules could be examined. Microtubules were polymerized from tubulins and rhodamine-labeled tubulins in vitro. These dynamic microtubules were incubated with control (glutathione S-transferase (GST)-coated) or PAR-coated beads. Few microtubules could be attracted by control beads regardless of the addition of the purified PAR-binding region of Spindly (Spb), Mcak (Mpb), and Clip170 (Clpb) ( Fig. 4h; Supplementary information, Figure S4F ). However, the microtubules were tightly attracted and captured by the PAR-coated beads in the presence of Spb (Fig. 4h) . This phenomenon was also observed when Spb was replaced by Mpb or Clpb, though the capture ability mediated by Mpb or Clpb was weaker than that by Spb (Supplementary information, Figure S4F and G). These results suggest that cortical PAR mediates spindle migration and oocyte asymmetric division by interacting with microtubule-associated proteins including Spindly, Mcak, and Clip170, and among them Spindly has the highest affinity with PAR. To validate the cellular function of Spindly, oocyte Spindly was knocked down. Western blot results proved the efficient knock down (Fig. 4f) . As expected, most of the oocytes in Spindly RNAi group showed an ectopic spindle at MI stage (71.4%) and a failure of asymmetric division (74.0%) (Fig. 4g) . These data suggest that microtubule-associated proteins link the spindle to the cortical PAR.
A PAR-binding domain restores the asymmetric division of Spindly knockdown oocytes To confirm the cellular function of the physical link between the spindle and the cortical PAR, we fused the PAR-binding domain of Spindly (Spb, 383-608 amino acids) to EB3, which per se does not bind PAR. The successful expressions of EGFP-EB3 and EGFP-EB3 +Spb in oocytes were confirmed by western blot against EB3 (Fig. 5a) . To test the binding ability of these proteins, they were expressed with His-tag and purified in vitro. As expected, the purified EB3 could then interact with PAR directly when fused with Spb (Fig. 5b) . The binding ability was also validated by the MST assay, with the K d (EB3+Spb versus ADPr) of 15.14 μM (Fig. 5c, d) . Next, to test whether EB3+Spb could rescue the failure of asymmetric division in Spindly knockdown oocytes in which the interaction between the spindle and the cortex was impaired (Fig. 4g) , we expressed EGFP-EB3 or EGFP-EB3+Spb in these Spindly depleted oocytes. The expression of EGFP-EB3 did not rescue the abnormal spindle positioning and the failure of asymmetric division (Fig. 5f, g, j) . Intriguingly, when EB3+Spb was expressed in these oocytes, the spindle was positioned correctly at the cortex, followed by a successfully asymmetric division (Fig. 5h, j) . On parallel, a previously identified PAR-binding domain, PAR-binding zinc-finger (PBZ) of APLF (368-444 amino acids) 26 was fused to EB3 (Fig. 5a, b, e) . Similar to EB3+Spb, EB3 +PBZ was able to restore the spindle positioning and the Fig. 4 Microtubule-associated proteins link the spindle to PAR. a In vivo interaction assay between tubulin and PAR. Meiotic oocytes were lysed and then subjected to immunoprecipitation with by α-tubulin antibodies followed by dot blot with PAR antibody. Chfr which could bind PAR by its PBZ domain was used as a positive control. b In vitro-binding screening between the purified candidate proteins/domains and PAR. Spindly C-terminal (383-608 aa), Mcak middle (174-593 aa), and Clip170 N-terminal (1-350 aa) could pull down PAR in vitro. XRCC1-BRCTs domain (XR-BRCTs) was used as a positive control. GST was used as a negative control. c The cellular interaction between PAR and Clip170, Spindly, or Mcak was measured by co-immunoprecipitation with the indicated antibodies. Fifteen percent of whole-cell lysate was used as an input. d The in vitro-binding affinity between ADPr and Spindly C-terminal was tested by MST assay. Inset, thermophoretic movement of fluorescently labeled proteins. F norm = F 1 /F 0 (F norm : normalized fluorescence; F 1 : fluorescence after thermodiffusion; F 0 : initial fluorescence or fluorescence after T-jump). K d , dissociation constant. e The binding affinity of ADPr and cellular EGFP-Spindly was tested by MST. EGFP-Spindly plasmid was transfected into HeLa cells. The affinity between the fluorescent Spindly and ADPr was measured by MST. Inset, thermophoretic movement of fluorescent EGFP-Spindly. f Western blot of Spindly in the control and Spindly knockdown oocytes. β-Actin was used as a loading control. g The phenotypes of oocytes in the control and Spindly knockdown oocytes. The rates of abnormal spindle positioning and failure of asymmetric division were summarized in the histogram. Each group of one repeat contains at least 50 oocytes. The error bars represent the standard deviation. h Microtubules are captured by PAR in the presence of Spindly PAR-binding region. Rhodamine-labeled tubulins were polymerized to fluorescently dynamic microtubules in vitro (a'), and incubated with GST-coated beads (b', c'), or PAR-coated beads (d', e'), with or without the addition of the purified Spb (Spindly PAR-binding region). Only PAR-coated beads were able to capture and trap the microtubules, and this process required Spb. Arrowhead indicates the PAR-captured microtubules on the bead surface. Bright-field images of the beads are shown at the bottom. Scale bar, 20 μm (Fig. 5i, j) . These results further confirm the critical role of microtubuleassociated proteins containing a PAR-binding domain, such as Spindly, in oocyte asymmetric division.
The different roles of PAR and actin during spindle positioning Since the centriole is absent and, as a result, the polar array microtubules are not fully developed in the oocyte, the role of microtubules per se for spindle positioning during asymmetric division has always been ignored. Previous studies emphasized the roles of actin in this process. However, these models are inconsistent and two distinct kinds of F-actin forces (pushing and pulling) have been proposed. 3, 5, [15] [16] [17] To define the role of actin in asymmetric division, we stained the mouse oocyte with phalloidin (for general actin) or UtrCH-GFP, a probe that specifically binds to F-actin. 35 After GVBD, both phalloidin and UtrCH-GFP in the cytoplasm were found around the spindle but not in the subcortex (Fig. 6a) , implying a pushing but not a pulling force around the spindle. Since Formin2 was reported to nucleate actin filaments surrounding spindle, 16, 17 we knocked down Formin2 in oocytes (Supplementary information, Figure S5A ) and examined spindle behavior. As expected, loss of Formin2 resulted in the failure of spindle migration, and most of the spindles stayed at the pericenter of oocytes. About 10-12 h after GVBD, more than 80% of Formin2 knockdown oocytes could not exclude the polar bodies. Instead, a subset of them (34.8%) "excluded" the polar bodies into the oocytes (Fig. 6b) . These data suggest that the pushing force generated by actin is a critical trigger for symmetry breaking of spindle migration, which is consistent with the previous reports. 16, 17 As the contact between polar array microtubules and cortical PAR is required for spindle eccentric positioning, we hypothesize that actin and PAR sequentially regulate oocyte asymmetric division in which actin breaks the centric position of spindle at the beginning, and the interaction between polar array microtubules and cortical PAR facilitates the later migration and stabilizes the spindle at the cortex. Previous studies have shown that cytochalasin D (CCD) could impair F-actin and thus spindle migration. 16 To elaborate the role of F-actin in this process, a noninhibited window was left for F-actin to function normally during the initial phase of spindle migration. We began the CCD treatment at the early period of MI when the chromosomes had completed their alignment but visible spindle migration had not yet occurred (Fig. 6c, timepoint B) . This treatment point was delayed by hours compared with that in previous studies (Fig. 6c,  timepoint A) . Interestingly, although few oocytes reached MII, 62% of the spindles in point B-treated group were able to migrate to the cortex, while most of spindles in point A-treated group could not move to the cortex (Fig. 6d) , suggesting that F-actin mainly functioned in the early period during the spindle migration. To rule out the possibility that CCD treatment might affect PAR, the distribution of PAR in meiotic oocytes receiving CCD treatment was examined by immunofluorescence. CCD did not show an effect on PAR in the oocytes (Supplementary information, Figure S5B ). Reciprocally, we also performed a cold treatment experiment 46 to examine the role of polar array microtubules in the late period during the spindle migration. non-kMTs are more sensitive to cold treatment compared with kMTs, that is, non-kMTs (polar array microtubules in oocyte) disassemble while kMTs cluster together and persist as cold-stable bundles. 46 Conversely, the polymerization of actins is not as sensitive to temperature as that of tubulins, and actin polymerization can occur across a broad range of temperatures. 47, 48 Here, oocytes were cultured to MI, and then subjected to cold treatment followed by immediate fixation. Of note, 80.5% oocytes upon cold treatment exhibited ectopic spindles, a ratio much higher than that in non-cold-treated group (Fig. 6e) . Among the ectopic spindles, 51.7% could still move to or near the cortical area, but with wrong orientation, which probably resulted from the migration inertia by the F-actin-pushing stream. These data suggest that polar array microtubules are important for the spindle migration and stabilization at the cortex.
Since PAR and actin are both required for spindle positioning, we compared the affinity of microtubules and PAR, with the affinity of microtubules and actin. MST results showed that both ADP-ribose and actin had obvious association with cellular microtubules. Notably, the affinity of ADP-ribose to microtubules was seven times higher than that of actin to microtubules (Fig. 6f) , indicating that the force between PAR and microtubules is much stronger than that of actin and microtubules. It is not surprising since before the drastic process of asymmetric division, oocyte requires a substantial physical interaction between the cortex and the spindle that ensures the dock and stabilization of the spindle to the cortex. These results suggest that actin and PAR sequentially regulate spindle positioning. Cytoplasmic actin mainly functions for breaking the symmetric position of the spindle by launching an initial pushing force, while cortical PAR acts as a physical link for spindle microtubules to dock and stabilizes the spindle at the cortex. DISCUSSION PAR has been studied for over decades and believed to mainly function under cellular stress conditions such as DNA damage. [20] [21] [22] Until now, 17 PARP members have been identified in human, and PARP1 is the best studied among these polymerases. 22, 40 Upon genomic stress, the enzymatic activity of PARP1 increases around 500-fold to synthesize PAR. 19 However, other members of PARPs may function beyond the genomic stress since they do not possess the DNA-binding domain as PARP1. 22, 49 Interestingly in this study, we show an intensive staining of PAR at mouse oocyte cortex, implying a unique role of this molecule in female germ cells. To retain most maternal materials for the fertilization and early embryonic development, oocytes undergo a highly asymmetric division during the meiosis. The asymmetric division in oocytes is much different from those in other types of cells because of the large volume of oocytes and their nonadherent growing property. Thus, oocytes must own their unique molecule(s), especially at the cortex, for the special division. As each ADP-ribose residue contains two phosphate groups carrying two negative charges, 40 the oocyte cortical layer of PAR therefore contains an enormous amount of negatively charged groups and provides enough avidity to dock positively charged microtubuleassociated proteins therefore capturing the spindle. The high affinity between PAR and the microtubule-associated protein Spindly supports this conclusion. Of note, the cortical PAR in oocytes may fit into an emerging concept of "phase separation," one of the most exciting concepts developed recently in cell biology. This concept emphasizes the polymeric structures, electric fields, and large-scale molecule interactions in cellular context. [50] [51] [52] The branched polymeric structure and the huge negative charges endow PAR physical features needed to be qualified as a unique phase to perform its biological functions in oocytes. Another interesting observation is that not all mouse oocytes at the GV stage show a positive nuclear staining for PAR as demonstrated in Fig. 1b . Instead, some oocytes exhibit a nuclear envelope staining (Supplementary information, Figure S1C) . This difference should be related to some regulation of genome or transcription but not asymmetric division, which warrants future investigation.
Till now, it is still unclear why mammalian oocytes lack centrioles and long polar array microtubules. In mitotic cells, the long-developed astral microtubules emanating from the centrioles of both spindle poles can contact the cortex synchronously, enabling cells to adjust and keep the spindle at the center 14, 53 ( Fig. 7a) . Interestingly, the polar array microtubules in oocytes are less developed and thus much shorter. Given the huge volume of oocytes compared to that of somatic cells, it makes oocyte cortex more "synchronously unreachable" for the polar array microtubules from both of the spindle poles. Previous reports highlight the contributions of actin during spindle positioning to the cortex and the asymmetric division. 4, 5, [15] [16] [17] However, a unified theory has not been established since these studies lead to conflicting models, such as a pulling force for the spindle positioning mediated by cortical actin between the membrane and the spindle, 5 or a pushing force surrounding the spindle generated by F-actin in the cytoplasm. 15, 18 In our study, we re-investigated the distribution of actin by fluorescent microscopy using both phalloidin staing and UtrCH-GFP. It is worth noting that a positive signal surrounding the spindle rather than at the cortical area was found. The knockdown of Formin2, which nucleates actin filaments surrounding the spindle, 16, 17 resulted in the failure of oocyte asymmetric division. Moreover, treating oocytes with CCD during the late spindle migration when one spindle pole already approaches the cortex did not affect the spindle cortically positioning. These findings further confirm the contribution of the actin-pushing force.
In our model (Fig. 7b) , the spindle deviates away from the center region of the oocyte by the dynamic push of the cytoplasmic actin. When approaching the cortex, the short polar array microtubules from the juxtacortical spindle pole catch cortical PAR, which eventually docks and stabilizes the spindle at the cortex. Three microtubule-associated proteins, that is, Spindly, Clip170, and Mcak, have been identified to bind PAR. As expected, all the three proteins have positively charged regions or domains. 45, 54, 55 These and other microtubule-associated proteins with positive charges help explain the high affinity between PAR and cellular microtubules. The physical link between the spindle and cortical PAR ensures the firmly cortical positioning of the spindle during the drastic cytokinesis of the asymmetric division. Thus, our work demonstrates a comprehensive model for oocyte asymmetric division and provides potential targets for clinical oocyte maturation failure and women infertility.
MATERIALS AND METHODS
Chemicals and antibodies
All chemicals were purchased from Sigma except for those specifically mentioned. Purified PAR used for in vitro assay was purchased from Trevigen. Anti-PAR antibodies were purchased from Millipore (MABC547, for results in the full paper) and Trevigen (4335-MC-100, for the result in Supplementary information, Figure S1A ). Anti-Parp1 (ab6079), anti-Parg (ab16060), anti-EB3 (ab157217), anti-Formin2 (ab72052), and anti-Clip170 Oocyte collection and culture Mice care and handling were conducted in accordance with policies promulgated by the Ethics Committee of Peking University Third Hospital. Female ICR mice (4-6 weeks) were sacrificed by cervical dislocation after intraperitoneal injections of five intrauterine pregnant mare serum gonadotropin for 44-46 h. Immature oocytes arrested at prophase of meiosis I were collected from ovaries in the M2 medium. Only those immature oocytes displaying a clear GV were selected and cultured in the M16 medium under liquid paraffin oil at 37°C in an atmosphere of 5% CO 2 in air. Oocytes were collected for subsequent experiments at the appropriate stages or timepoints during the culture.
Dot blot of PAR in mouse oocytes
Mouse oocytes were cultured to GV, GVBD, pro-MI, MI, and MII, respectively. After lysis with RIPA buffer, the lysate was spotted onto a nitrocellulose membrane. After drying in air, the membrane was blocked with (Tris-buffered saline with Tween) TBST buffer (0.15 M NaCl, 0.01 M Tris-HCl, pH 7.4, 0.1% Tween-20), supplemented with 5% milk, and extensively washed with TBST. Then, the membrane was incubated with anti-PAR antibody (1:1,000) overnight at 4°C. After washing three times in TBST, the membrane was incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. The dot blot was detected by enhanced chemiluminescence detection system. Recombinant protein expression and pull-down/dot-blot assay GST or His fusion proteins or domains were expressed in Escherichia coli and purified under standard procedures. Pull- Fig. 7 A model for asymmetric division of mammalian oocytes. a Due to the well-developed astral microtubules emanating from two spindle poles in mitotic cells, the spindle can be adjusted and positioned at the cell center by the direct interaction between the astral microtubules and the cortex. b In mammalian oocytes, because of the absence of centriole, the polar array microtubules are not developed long to reach the cortex. The "floating" spindle is always passively struck by the cytoplasmic push of actin. Once the spindle deviates from the center, the polar array microtubules emanating from the juxtacortical pole of the spindle interact with cortical PAR, which docks and stabilizes the spindle to the cortex. Orange dots in mitotic cell, centrioles; green, microtubules; red, PAR; black arrows, actin-pushing force down/dot-blot assay was performed according to our previous procedure. 23 In brief, purified GST or His fusion proteins (10 pmol) were incubated with PAR (100 pmol, calculated at ADP-ribose) and glutathione or Ni sepharose in 500 μL phosphate-buffered saline (PBS) buffer for 2 h at 4°C. After washing four times, the pellets were eluted with glutathione or imidazole elution buffer for 40 min. After centrifuging, the supernatant was spotted onto a nitrocellulose membrane. After drying in the air, the membrane was blocked with TBST buffer supplemented with 5% milk and extensively washed with TBST. Then, the membrane was incubated with anti-PAR antibody (1:1,000) overnight at 4°C. After three times of washes in TBST, the membrane was incubated with the HRP-conjugated secondary antibody for 1 h at room temperature. The dot blot was detected by enhanced chemiluminescence detection system.
PAR degradation assay
The catalytic domain of mouse Parg was expressed and purified. The recombinant protein (2 and 10 pmol for an increased dose) was incubated with PAR (100 pmol, calculated as the ADP-ribose unit) for 2 h at room temperature in 50 μL PBS buffer. After incubation, the reaction solution was spotted onto a nitrocellulose membrane. After drying in the air, the membrane was blocked with TBST buffer supplemented with 5% milk and extensively washed with TBST. Then, the membrane was subjected to anti-PAR dot-blot assay described above.
CCD and cold treatment of oocytes For CCD treatment, oocytes at the appropriate stages were incubated in the M16 medium containing 1 μg/mL CCD. After treatment, oocytes were immediately fixed for immunofluorescent staining. For cold treatment, oocytes at the appropriate stages were cultured in the low temperature incubator at 10°C for one and a half hours followed by immediate fix and immunofluorescent staining.
Knockdown and cRNA expression For RNAi experiment, fully grown GV-intact oocytes were microinjected with 7-10 pL of non-targeting (control) or targeting siRNA in the M2 medium in the presence of 2.5 μM milrinone. To facilitate the depletion of mRNA by siRNA, microinjected oocytes were arrested at GV stage in the M16 culture medium in the presence of 2.5 μM milrinone around 16 h, followed by thorough washes and cultured in fresh M16 culture medium at the indicated stages or timepoints. The working concentration of Parps siRNAImmunoprecipitation and western blot Immunoprecipitation was performed with the indicated antibodies according to the protocol of ProFound Mammalian CoImmunoprecipitation kit (Pierce, USA). For western blot, oocytes were lysed in 4× LDS sample buffer (ThermoFisher, USA) containing protease inhibitor and boiled in water for 5 min. The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrically transferred to polyvinylidene fluoride membranes. Following transfer, the membranes were blocked in TBST containing 5% skimmed milk for 2 h, followed by the incubation overnight at 4°C with the indicated primary antibodies. After washing in TBST, the membranes were incubated for 1 h at 37°C with 1:1,000 dilution of HRP-conjugated secondary antibody. Finally, protein bands were visualized by enhanced chemiluminescence detection system. Immunofluorescent staining and confocal microscopy Oocytes were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 30 min followed by permeabilization in 0.5% Triton X-100 for 25 min at room temperature. Then, oocytes were blocked with 1% bovine serum albumin-supplemented PBS for 1 h and incubated with the indicated primary antibodies (1:200-1:500) at 4°C overnight. After washing three times in PBS containing 0.1% Tween-20 and 0.01% Triton X-100, oocytes were incubated with an appropriate fluorescent secondary antibody for 1 h at room temperature. For the antibodies of direct-fluorescence α-tubulin and phalloidin, the incubated time was 60 min with the dilution of 1:200 and 1:600, respectively. After washing three times, oocytes were stained with Hoechst 33342 (10 μg/mL) for 15 min. Finally, oocytes were mounted on glass slides and observed under a confocal laser scanning microscope at ×63/1.40 (Carl Zeiss 710).
Microscale thermophoresis MST was performed according to the previous work as described. 39 In brief, purified recombinant protein was labeled with a RED-NHS protein labeling kit (NanoTemper, Germany) according to standard protocol. The protein was then incubated at a constant concentration (10-50 nM) with twofold serial dilutions of actin or ADP-ribose in MST-optimized buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM MgCl 2 , 0.05% Tween-20). Equal volumes of binding reactions were mixed by pipetting and incubated for 15 min at room temperature. Mixtures were enclosed in standard-treated or premium-coated glass capillaries and loaded into the instrument (Monolith NT.115, NanoTemper, Germany). Measurement protocol times were as follows: fluorescence before 5 s, MST on 30 s, fluorescence after 5 s, and delay 25 s. For all the measurements, 200-1,000 counts were obtained for the fluorescence intensity. The measurement was performed at 20% and 40% MST power. F norm = F 1 /F 0 (F norm : normalized fluorescence; F 1 : fluorescence after thermodiffusion; F 0 : initial fluorescence or fluorescence after T-jump). K d values were determined with the NanoTemper analysis tool.
Microtubules capture assay Rhodamine-labeled tubulins (10 μM, Cytoskeleton) were polymerized in vitro in G-PEM buffer (Cytoskeleton) containing 20 μM paclitaxel according to the standard procedure provided by the manufacturer. The polymerized microtubules were then incubated with beads from Protein G Sepharose that pre-coated by purified GST protein via GST antibody (control beads) or pre-coated by PAR via PAR antibody in G-PEM buffer, containing 20 μM paclitaxel, to form the reaction buffer. Purified PAR-binding domain of Spindly, Mcak, or Clip170 (Spb, Mpb, or Clpb, 20 nM) was added and incubated in the reaction buffer at room temperature for 10 min. A 5 μL aliquot of each reaction mix was mounted on a slide and sealed with a glass coverslip. The capture of microtubules by beads was observed under a confocal microscope at ×40/1.3 (Carl Zeiss 710).
Statistical analyses
All experiments were performed in triplicates unless indicated otherwise. Means and standard deviations were plotted. Student's t test was used for statistical analyses.
